DNA-dependent protein kinase (DNA-PK) is a large protein complex central to the nonhomologous end joining (NHEJ) DNA-repair pathway. It comprises the DNA-PK catalytic subunit (DNA-PKcs) and the heterodimer of DNA-binding proteins Ku70 and Ku80. Here, we report the cryo-electron microscopy (cryo-EM) structures of human DNA-PKcs at 4.4-Å resolution and the DNA-PK holoenzyme at 5.8-Å resolution. The DNA-PKcs structure contains three distinct segments: the N-terminal region with an arm and a bridge, the circular cradle, and the head that includes the kinase domain. Two perpendicular apertures exist in the structure, which are sufficiently large for the passage of dsDNA. The DNA-PK holoenzyme cryo-EM map reveals density for the C-terminal globular domain of Ku80 that interacts with the arm of DNA-PKcs. The Ku80-binding site is adjacent to the previously identified density for the DNA-binding region of the Ku70/Ku80 complex, suggesting concerted DNA interaction by DNA-PKcs and the Ku complex.
D
NA double-strand breaks (DSBs) are essential for certain physiological processes but pose threats to genetic integrity and cell viability in pathological conditions (1) . Programmed physiological DSBs can be generated in lymphoid cells during genetic rearrangements by the recombination-activating gene (RAG) enzyme complex in variable (V), diversity (D), and joining (J) gene segments [V(D)J] recombination and during antibody response by activationinduced cytidine deaminase (AID) in class-switch recombination (2, 3) . In contrast, pathological DSBs are generated in cells by various insults, including reactive oxygen species, ionizing radiations, RAG and AID off-target effects, and topoisomerase I failures. Eukaryotic cells have evolved two discrete and complementary DSB repair pathways: homologous recombination and nonhomologous end joining (NHEJ) (1, 2) . Although homologous recombination is predominantly used during the S and G2 phases of the cell cycle for error-free repair of pathological DSBs, NHEJ is favored in all stages of a cell cycle, does not need any homology, and is used for repair of both physiological and pathological DSBs (2) .
NHEJ requires a protein complex consisting of the heterodimer of Ku70 and Ku80 (Ku complex) that recognizes DSB free ends (4) and the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) (1, 5, 6 ) that recruits core NHEJ factors including Artemis, XRCC4, Ligase IV, and XLF on DSB break sites (2) . DNA-PKcs is a ∼470-kDa serine-threonine kinase belonging to the phosphoinositide 3-kinase-related kinase family, which also includes mechanistic target of rapamycin (mTOR), ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3 related (ATR), nonsense mediated mRNA decay associated PI3K related kinase (SMG1), transformation/transcription domain-associated protein (TRRAP) (5, 7) . The Ku80 C-terminal region (CTR) has been implicated in interacting with DNA-PKcs to form the DNA-PK holoenzyme (8, 9) . A recent crystal structure of DNA-PKcs at 4.3-Å resolution gave improved insights into the DNA-PKcs domain architecture (10) . However, despite the inclusion of a 194-residue fragment of Ku80 CTR, only two small pieces of Ku80 density were visible. Here, we present a cryo-EM structure of the DNA-PK holoenzyme that sheds light on DNA-PKcs/Ku interactions, conformational changes, and concerted DNA recognition.
Results
Cryo-EM Reconstruction of DNA-PK. We modified existing protocols (6, 11, 12) for purifying DNA-PKcs from HeLa cell nuclear extracts and found that we obtained a fraction of DNA-PKcs with an apparent stoichiometric amount of bound Ku complex, representing the DNA-PK holoenzyme ( Fig. S1A) (6, 11, 12) . We imaged the purified DNA-PK with an FEI Tecnai Arctica microscope equipped with a Gatan K2 Summit direct detector camera. Raw micrographs and 2D class averages showed mostly dispersed monomers (Fig. S1B) . Initially, ∼1 million particles of DNA-PK were extracted. Reference-free 2D classification was performed, and ∼860K particles remained after throwing out bad classes. 3D classification showed only minor differences between the 3D classes, and we combined all particles for 3D refinement. Because orientation preference was detected, we filtered out approximately two-thirds of the particles at the preferred orientation (Fig. S1C ). 3D refinement using the resulting ∼290K particles gave a 4.4-Å resolution map by gold standard Fourier shell correlation (FSC) (Fig. 1 A-C and Fig. S1D) . Overall, the cryo-EM map showed defined secondary structural elements and large side chains (Fig. 1B and Fig. S2 ), and we built an atomic model of DNA-PKcs, using the recently published crystal structure (5LUQ) as the reference (10) (Fig. 1D, Fig. S3A , and Table S1 ). However, the cryo-EM map did not reveal the location of the Ku complex.
Structure of DNA-PKcs. The cryo-EM structure is mostly similar to the crystal structure (10) with the exception of local conformational differences, the order and disorder of several loops, and the lack of density for a 64-residue-long region in the crystal structure built with Significance Double-stranded DNA breaks pose a serious threat to the survival of cells. Nonhomologous end joining (NHEJ) is a crucial DNA repair pathway in which the DNA-dependent protein kinase (DNA-PK) complex, a key holoenzyme consisting of the Ku70/80 heterodimer and the catalytic subunit DNA-PKcs, senses DNA breaks and initiates the NHEJ repair pathway. Here, we present cryo-EM structures of the DNA-PK complex. Together with previous structural and biochemical studies, our structures lead to a partial model for the interactions between DNA-PKcs and the Ku70/80 complex, and reveal how the DNA-PK complex may bring free ends of damaged DNA for repair. polyalanine, but assigned to be between residues 2577 and 2773 ( further divided into the arm (∼residues 1-400) and the bridge (∼residues 401-890) ( Fig. 1 A and D) . The bridge connects to the top of the circular cradle and contacts the C-terminal head unit. There are two large, perpendicular apertures in the structure. In the orientation shown, the front aperture is formed by the circular cradle and the bottom aperture is formed by the arm and the bottom part of the circular cradle ( Fig. 1 B-D) . Local resolution estimation revealed that the arm is the most flexible (Fig. 1C) . Threedimensional classification into six classes starting from the final refined particle orientations, but with local search, revealed significant conformational differences in the arm among the classes (Fig. 2 ).
Ku80 CTR Mediates Interaction of Ku70/Ku80 with DNA-PKcs. Lack of density for the Ku complex in the cryo-EM map suggested potential heterogeneity of the DNA-PK sample. Further 3D classification revealed that three classes out of six, which include ∼50% of the total particles, showed extra density near the N-terminal arm region of DNA-PKcs (Fig. S4A ). Because only seven residues are missing at the N terminus of the DNA-PKcs model, this extra density most likely belongs to the Ku80 CTR (Fig. 3A) , which has been shown to bind to DNA-PKcs (13, 14) . One class containing 16% of the particles (∼46K) had the most distinct extra density, and 3D refinement of this single class resulted in a 5.8-Å map of the DNA-PK complex with ∼9-Å resolution for the Ku80 density based on local resolution estimation ( Fig. 3B and Fig. S4B ). That only a fraction of the DNA-PK images contained the Ku complex may be indicative of the previously assessed weak affinity of DNA-PKcs with Ku80 in the absence of DNA (15) . Previous studies have shown that the CTR of Ku80 (∼residues 543-732) contains a globular domain (∼residues 592-709) followed by a helix at the extreme end (13, 14) (Fig. 3A) . In the DNA-PKcs structure cocrystallized with the CTR, only two short fragments that likely correspond respectively to the C-terminal helix of Ku80 and the linker between the globular domain and the C-terminal helix were visibly bound to DNA-PKcs (10) (Fig.  3C) . In our cryo-EM map, neither of these segments was apparent. In contrast, the Ku80 extra density exhibits a shape that fits with the NMR structures of the Ku80 CTR globular domain (1Q2Z and 1RW2) (13, 14) (Fig. S4C) . In the 3D class with the most prominent Ku80 density, the arm is positioned further upward in comparison with classes that do not possess this density (Fig. 3D) . It is likely that the bound CTR globular domain pushes the arm upward on the interaction. The modeled CTR globular domain is adjacent to the presumed linker fragment of Ku80 in the crystal structure (10) , further supporting that the extra density belongs to Ku80 CTR (Fig. 3C) .
Toward a DNA-PK Holoenzyme Functional Model. To build a plausible model for the DNA-PK holoenzyme containing the DNA-binding Ku core complex, we used an ∼25-Å cryo-EM map of the DNA-PK holoenzyme assembled on a DNA molecule (15) . In this map, the Ku core complex density is in proximity to the Ku80 CTR that we localized in this study. However, the density does not have enough details to allow for accurate fitting of the crystal structure of the Ku complex (16) . Hence, we simply placed the crystal structure by minimizing the distance between the Ku80 core and the Ku80 CTR, resulting in an imprecise, pseudoatomic model of fulllength DNA-PK (Fig. 4A) . In another cryo-EM structure of the DNA-PK/DNA complex at 21.4-Å resolution (17) , the Ku density distributes in a fan shape around the extra density we identified here for the Ku80 CTR (Fig. 4A) , showing the flexible tether to the N-terminal DNA-binding domain of the Ku complex. Intriguingly, even though the CTR used in the crystallization of DNA-PKcs includes the globular domain (10) , no density was observed in the crystal structure. In the crystal lattice, the arm of one molecule contacts the head unit of a neighboring molecule (10) . We speculate that the apparent CTR globular domain-induced conformational change at the arm region may be incompatible with crystal packing. In contrast, we do not know why our cryo-EM density does not show the two short Ku80 fragments observed in the crystal structure. It is possible that Ku80 interaction with DNA-PKcs is much more complex and that one scenario evokes multiprong interactions between Ku80 and DNA-PKcs.
Discussion
Our DNA-PK structure provides a foundation to elucidate how DNA-PKcs and the Ku70/80 complex interact with and repair the DNA broken ends. Both the front and the bottom apertures in DNA-PKcs are large enough to allow the passage of dsDNA. Because the bottom aperture contains the putative DNA-binding site at the arm region (10, (17) (18) (19) , and the EM map of the DNA-PK dimer at 33-Å resolution (15) positions the two bottom apertures close to each other, we modeled a dsDNA with the free end entering at the bottom aperture and the distal end exiting from the front aperture ( Fig. 4B and Fig. S5A ). Although this putative DNA location is highly speculative, it is notable that the free ends of the modeled DNA strands approach each other in this configuration (Fig. S5B) , which may facilitate repair. It has been proposed that Ku first binds to damaged, free DNA ends, and the recruitment of DNA-PKcs induces inward translocation of Ku (20) . Ku80 CTR is connected to core Ku70/80 DNA-binding domains via a long flexible linker (21) , making it possible to grab either the free end, as proposed for the initial DNA interaction, or translocate to the distal end when it hands the free end to DNA-PKcs.
In summary, our cryo-EM structure of DNA-PK revealed a binding site for the Ku80 globular domain at the arm region of DNA-PKcs, which is adjacent to the general location of the
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Materials and Methods
Protein Purification. HeLa S3 cell (Sigma-Aldrich) nuclear extracts were prepared as described (11) . DNA-PKcs and DNA-PK complex were purified from HeLa cell nuclear extract with a protocol slightly modified from that described previously, using five sequential columns, Sepharose Hitrap Q, heparin, Mono S, Mono Q, and Superose 6 (6, 12, 15) . The modification includes a step gradient elution from the heparin column instead of a linear gradient. All proteins (DNA-PKcs, Ku70, and Ku80) were confirmed by fingerprinting mass spectrometry.
EM Data Acquisition. For preparation of negative-stain grids, purified DNA-PK sample (3 μL) was applied to glow-discharged grids (Carbon Type-B, 200 mesh; Ted Pella), washed with water once, prestained with 1% (wt/vol) uranyl formate for 10 s, and then stained again for 40 s. Negative stained DNA-PK data were collected using a FEI Tecnai F20 transmission electron microscope operated at 120 kV and a 4K × 4K Gatan CCD camera. The nominal magnification was 50,000×, and the pixel size was 2.18 Å. In total, 434 images were collected. For preparation of cryo-EM grids, purified DNA-PK sample (3 μL) was applied to glow discharged C-flat holey carbon grids (1.2/1.3, 400 mesh). The grids were plunged into liquid ethane using Vitrobot Mark IV at 4°C and 100% humidity. Cryo-EM data were collected on a FEI Tecnai Arctica microscope operated at 200 kV, equipped with a Gatan K2 Summit direct detector detector. Specifically, movie mode image stacks were collected semiautomatically with the Leginon software (22) under superresolution counting mode, at a nominal magnification of 23,500×, which corresponds to a physical pixel size of 1.51 Å and a superresolution pixel size of 0.76 Å. Each movie stack contains 36 frames with a total exposure time of 9 s and an accumulated dose ∼40 e/Å 2 . A total of 5,715 image stacks were collected.
Image Processing. SAMUEL (Simplified Application Managing Utilities for EM Labs) scripts and Relion (23) were used to process both negative-stained and cryo-EM images. CTFFIND3 (24) was used to determine defocus for all datasets. For negative-stain data processing, all images were first 2 × 2 binned to a pixel For cryo-EM data, superresolution image stacks were first subjected to motion correction (25) and binned 2 × 2 times, resulting in a pixel size of 1.51 Å. The defocus range for DNA-PK data was from 0.5 to 3.4 μm. At first, ∼3,000 particles were manually picked from a subset of images and input for 2D classification in SAMUEL. Six best 2D averages were selected as templates for autopicking with SAMUEL. After manual inspection and screening, 1,086,055 particles were selected and extracted. After 2D classification with ROME2D (26), bad classes were discarded and 855,916 particles remained. An initial model was first generated from the cryo-EM data, using the refined map from the negative stained data. This model was then used as a reference for 3D classification into six classes in Relion. Because all six classes from 3D classification were of similar overall quality and showed no significant conformational variations, we combined all particles for a few rounds of global refinement in Relion. To reduce the data size, we discarded about two thirds of the entire particles from those in preferred orientations based on _rlnMaxValueProbDistribution index. We also re-extracted the remaining 289,798 particles from dose-fractionated images, which contain subframes [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and performed refinement in Relion to yield a 4.4-Å map. Local resolution was estimated using ResMap (27) . To analyze potential DNA-PK heterogeneity, we reclassified the data into six classes, using the final refined orientation with local refinement in Relion. Among them, three classes contained extra densities close to the N terminus, with one of them being particularly significant. The 3D refinement in Relion using particles from this single class (16%) led to a 5.8-Å map. The NMR structure of Ku80 CTR was readily fitted into the density and modified accordingly. All resolutions were measured by golden standard FSC curves with a 0.143 cutoff.
Structure Refinement and Model Building. Crystal structure 5LUQ.pdb (10) was used as an initial model and rigid body fitted into the cryo-EM map, using UCSF Chimera (28) . COOT (29) was used for fragment rebuilding and manual adjustment of side chain rotamers to best fit the cryo-EM density map. On placing the density map and the model into an artificial unit cell, we used the PHENIX software suite (30) for iterative, phased refinement in reciprocal space. The quality of the final model was analyzed using Molprobity (31) . 
